for QD based SPS because the presence of stacking faults or twins close to the QD will act as charge traps and could reduce the QD emission efficiency by the presence of space charge fluctuations. 31 The QD diameter D is in the 23-28 nm range and the height H is about 3-4 nm leading to an aspect ratio H/D ≈ 0.1. This aspect ratio was chosen because it is favorable to align the QD dipole perpendicularly to the NW axis 19, 32, 33 which is an essential condition to couple the emitted photons to the HE11 mode of the NW. 26 Finally, it must be mentioned that, by comparing the InAs QD (or the Au droplet) diameter to the NW diameter, an InP radial growth of about 13 nm-thick takes place during this first step of axial growth. Such NWs with a diameter in the 50-55 nm range are unable to waveguide efficiently the photons and the QD emission is inhibited by the too small NW diameter. It is therefore necessary to increase the diameter of the NWs in order to couple efficiently the QD emission to the fundamental NW guided mode HE11 and thus avoid the QD emission inhibition. 34 Finite Difference Time Domain
b) a)
(FDTD) simulations were performed to determine the optimal NW diameter (DNW) tailored to the QD emission wavelength (λ) using Opti-FDTD software (see methods). 35 The refractive index of the InP NW was chosen to be 3.2 corresponding to Zinc-Blende (ZB) InP. Figure 2a ,b shows the designed QD-NW structure and the normalized spontaneous emission (NSE) of the InAs QD dipole as a function of DNW/λ, respectively. In the case of a QD dipole oriented perpendicularly to the NW axis, an optimized QD NSE is reached for DNW/λ ≈ 0.27. This shows that a 350 nm NW diameter has to be targeted in the case of a QD emitting at 1.3 µm. In addition to this NW diameter condition, a second requirement concerns the upper part of the NWs that should present a small taper angle, α, to efficiently extract the guided photons from the NW tip into the free space as illustrated in Figure 2c . respectively. With this procedure, the resulting taper angle can be varied from α ≈ 30° to a value as small as α ≈ 2°. In MBE, the In adatoms diffusing on the NW facets and reaching the catalyst droplet are the main source of In leading to the VLS growth. 36 For TG shell equal to 340°C and 360°C
( Fig. 3a,b) , which are lower than the InP axial growth temperature (380°C), the radial growth occurs at the expense of the NW elongation rate due to the decrease of the In adatom diffusion length on the NW facets. 37 However, the NW axial growth is not completely suppressed during this step resulting in simultaneous radial and axial growths. Consequently, an intermediate region of conical morphology forms during this growth step resulting in a taper angle α ≈ 30° and 17° for TG shell = 340°C and 360°C, respectively. On the contrary, if TG shell is increased to 420°C (Fig. 3e) , the axial growth is more favored than the radial one leading to a strong NW elongation. The NW length has reached an average value of 24 µm and the resulting taper angle is as small as α ≈ 2°.
Note that these long NWs exhibit a pure WZ structure at the bottom part of the NW whereas few stacking faults and thin ZB insertions can be observed at the upper part of the NWs. Finally, by the introduction of the second growth step, the NWs can reach diameter in the 480-580 nm range which could be adapted to reach DNW = 350 nm as discussed earlier. increases gradually with a significant intensity when α becomes smaller than 15°. This behavior can be explained by the strong decrease of the output beam divergence and the cancellation of the light reflection at the NW top facet-air interface when α decreases. 21 Consequently, the collection efficiency of the emitted photons is higher for smaller α leading to higher emission intensity from the QDs. Moreover, a forest of narrow lines corresponding to single QD emissions is observed in agreement with the very low QD-NWs density. Integrated PL intensity of the spectra in (a) in the 0.8-1.2 eV energy range, as a function of α.
To obtain the optimal geometry with NW diameter ≈ 350 nm (DNW/λ ≈ 0.27), we have kept TG shell = 420°C while the growth time was decreased from 50 min with DNW = 480±20 nm ( generated far away from the QD. As a consequence, carrier diffusion is required to explain the QD emission and it has been observed that this could favor charged (multi-)excitonic states in the QD.
38-41
The low temperature decay time measurements of a single InAs/InP QD-NW are presented in for which values in the 1-2 ns range are usually reported. Our value is also comparable to the recently reported lifetime τ = 2.6 ns for InAsP QD in InP NWs emitting in the telecom band. 9 The measured lifetime is also consistent with the findings of Bleuse et al. 34 and Bulgarini et al. 44 where 0.5 to 2 ns QD lifetimes were registered when DNW/λ ≈ 0.24-0.28. along the taper reaching a value equal to that of air (n = 1). As a result, the QD light will outcouple to free space faster than the case of small α where it will be scattered and collected at higher
angles showing a broad output beam divergence. We have performed a 2D cut of the far-field profile for taper angles α = 2° and α = 7° (Fig 6f) .
The fit to the experimental data reveals the Gaussian pattern for α = 2° with a beam divergence θ,φ is the far-field profile described by a Gaussian pattern (solid red line in Fig. 7f ).
Our experimental data shows that a taper angle α = 2° is adequate to transmit 93% of the output beam into NA = 0.8. This is an evidence that nearly all the photons emitted from the NW top side are intercepted by the microscope objective with NA = 0.8. We can further calculate the source efficiency ϵ(θ NA ), defined as the probability of collecting a photon into the first lens of the optical set-up, with the following relation (adapted from ref 24 ):
where β = 0.9 (from ref 15 ) is the fraction of the QD spontaneous emission coupled to the HE11 mode and rm is the modal reflectivity at the NW/substrate interface. In our case, we assume that the back-reflection is weak: rm = 0. A source efficiency of ϵ θ NA ≈ 42% for NA = 0.8 is estimated which is similar to the state of the art of bottom-up NW based SPS emitting in the 850-950 nm range. 25 A modification of the current design is required in order to improve rm and be able to reach the record source efficiency of 72% obtained for a top-down photonic wires fabricated on a planar mirror. 15 Finally, we have performed second-order correlation measurements (see Methods) The high g 2 (0) value for the InAs/InP QD-NW with α = 2° can be explained by the fact that the NW length is 14 µm and the upper of the NW exhibits few stacking faults and thin ZB insertions resulting in carriers trapping and de-trapping mechanisms since the carriers are photo-generated at the NW upper part due to the off-resonant laser excitation. Consequently, this could deteriorate the purity of the single photon emission from the InAs QD. 48 Improving the g 2 (0) value was achieved by removing the defects from NW upper part using lower TG shell (380°C) Fig.5b . This 
Methods:
InAs/InP QD-NWs growth: InAs/InP NWs were grown on Si(111) substrates using VLS assisted ss-MBE with Au-In droplets as catalyst. Before the growth, the Si substrate is exposed to UV light for 30 min followed by etching with a Buffered Oxide Etch (BOE) solution for 1 min and rinsed using de-ionized water for 1 min. Then, the substrate is bonded on the sample holder in air using indium glue at 200°C. During this procedure, a thin layer of SiOx ≈ 1 nm-thick is formed.
Then, the sample is outgassed under ultra-high vacuum at 200°C for 15 min and introduced in the MBE reactor. Inside the MBE reactor, Au-In catalyst droplets are formed at 500°C by Au and In co-evaporating for 60 sec, with In and Au beam equivalent pressures equal to 2.5 10 -7 torr and 4.2 10 -9 torr, respectively, corresponding to an In/Au BEP ratio ≈ 60. This step is followed by decreasing the sample temperature to 380°C corresponding to the optimal growth temperature to obtain pure WZ InP NWs, with an In flux corresponding to an InP 2D layer growth rate equal to 1 µm/h and a V/III BEP ratio = 20. 50 Prior to the NW growth, the P2 flux is opened for 10 sec to form InP pedestals with an Au droplet on it. 19 Then, the In shutter is opened to start the InP NW growth. After 12 min, the growth is stopped for 2 min 20 sec by closing the general shutter (also the In shutter), while keeping the P2 supply. During this growth interruption, the sample temperature is increased and stabilized (2 min) at 420°C which is favorable to minimize InAs radial growth during the InAs QD growth. Then, the P2 flux is stopped and 10 sec after the As4 flux is opened. 10 sec after, the InAs QDs are grown for 3 sec by opening the general shutter (also Angle-resolved photoluminescence with Fourier spectroscopy: The sample is excited using a diode pump solid-state 532 nm laser at room temperature. The light is focused using a x50 microscope objective with a NA = 0.8 numerical aperture. The laser spot on the sample is ~ 2 µm in diameter allowing single QD-NW spectroscopy. The QD light emission is collected from the same microscope objective and its far-field is imaged on the sensor of an IGA camera with the use of a Fourier lens. This camera is also used in real space (i.e. without the Fourier lens) to align the laser spot with a single QD-NW. A long-pass filter with a cut-on wavelength of 1300 nm is used
